Bone is one of the few tissues in the body with the capacity to regenerate and repair itself. In most cases, fractures are completely repaired in a relatively short period of time; however, in a small percentage of cases, healing never occurs and non-union is the result. Fracture repair and bone regeneration require the localized re-activation of signaling cascades that are crucial for skeletal development. The Wnt/β-catenin signaling pathway is one such developmental pathway whose role in bone formation and regeneration has been recently appreciated. During the last decade, much has learned about how Wnt pathways regulate bone mass. Small molecules and biologics aimed at this pathway are now being tested as potential new anabolic agents. Here we review recent data demonstrating that Wnt pathways are active during fracture repair and that increasing the activities of Wnt pathway components accelerates bone regeneration.
Introduction
Bone is one of the few tissues in the body with the capacity to regenerate and repair itself throughout the lifespan of the organism. Fracture healing occurs by two general mechanisms (direct or indirect repair) that mimic early developmental processes. Direct or primary repair takes place when there is contact between adjacent bone cortices. It requires the recruitment of osteoprogentor cells, osteoclasts and undifferentiated mesenchymal stem cells to the fracture site. This process of bone formation across the fracture gap is similar to intramembranous bone formation that forms the flat bones of the skull and clavicles. Direct repair usually occurs when the injury is treated surgically [1] . The second mechanism, indirect or secondary healing, is similar to endochondral bone formation, which is a developmental process that produces the long bones. Secondary fracture healing involves the formation of a soft callus, which is cartilaginous template that undergoes calcification into a hard callus and eventually is replaced by new woven bone. Woven bone is slowly remodeled into lamellar bone, the final stage of a process requiring several months time before the afflicted bone is able to support normal load bearing.
Most fractures heal following temporary immobilization and/or surgical fixation. However, a small percentage (3-10%) of fractures fail to heal properly [2] . Therapies aimed at inducing bone formation at the break points could not only increase the chances of a successful bone union, but also decrease the time required for normal fracture healing. To date, the only anabolic drugs approved in the United States to stimulate bone formation are bone morphogenic protein (BMP)-2, BMP-7 (OP-1) and parathyroid hormone (PTH). Although effective, these biologics have limitations and can only be given locally (e.g. BMPs) or for short periods of time because of safety concerns (e.g PTH). Genetic studies in mice and humans have revealed numerous signaling pathways that are potential new therapeutic targets for regenerating new bone. Particular interest has been focused on the Wnt signaling pathway, mainly due to the essential role that β-catenin-dependent Wnt signaling (commonly referred to as the canonical pathway) plays in initiating and maintaining bone mass (reviewed in [3] ). As a result of the relatively newfound appreciation for Wnts in bone biology, several small molecules and biologics that enhance canonical Wnt signaling have been tested in pre-clinical models and some are entering clinical trials. This review will focus on components of canonical Wnt signaling likely to be targeted by future treatment regimens to augment fracture healing. An overview of the Wnt pathway will be provided and followed by discussions of specific canonical Wnt-signaling molecules that are favorable targets for facilitating fracture repair.
Overview of Wnt-β-Catenin Signaling
Originally discovered in Drosophila during the examination of the wingless phenotype, Wnt (Wingless-type MMTV integration site) proteins are now known to play crucial roles in mammalian embryogenesis, organ development and regeneration, cell migration and proliferation, and carcinogenesis [4] . Wnts are secreted glycoproteins that bind several classes of plasma membrane bound receptors, including Frizzled (Fzd), Ror2 and Ryk. Depending on the receptor complex that is ligated, Wnts stimulate one or more intracellular signaling cascades ( Figure 1 ) [5] . The best understood Wnt pathway involves the stabilization of β-catenin. This pathway is initiated when Wnts bind to a Fzd receptor. The complex is further stabilized by the recruitment of a low-density lipoprotein receptor-related protein (LRP5 or LRP6) coreceptor. Through a series of complex molecular events (reviewed in [6] ), β-catenin phosphorylation by two kinases, glycogen synthase kinase (GSK)3β and casein kinase (CK)-1, is inhibited and proteosome-mediated degradation is thwarted. Increased cytoplasmic levels of β-catenin eventually allow for the translocation of β-catenin into the nucleus, where it can associate with the transcription factors, T cell factor (Tcf) 7 and lymphoid enhancing factor (Lef1).
Like all developmental pathways, Wnts are tightly regulated by paracrine factors and autocrine feedback loops. The most fruitful therapeutic strategy for targeting the Wnt-β-catenin pathway in bone regeneration settings has focused on agents that neutralize or inhibit the negative regulators of Wnt signaling, particularly GSK3β, Dickkopfs (Dkk), Secreted frizzled related proteins (Sfrp), and Sclerostin (Scl) (Figure 1 ). The alternative strategy of adding Wnts as agonists is not feasible at this time because only palmitoylated forms of Wnts are active and these are extremely difficult and expense to purify. By comparison, many small molecule inhibitors of GSK3β have been described [7] and humanized monoclonal antibodies are available that neutralize the secreted inhibitors, Dkk1, Sfrp1 and Sclerostin.
Wnt Pathway Activation at Fracture Sites
Examination of rodent fracture sites by microarrays and RT-PCR revealed that Wnt pathways contribute to normal fracture healing. Hadjiargyrou and colleagues found that mRNAs for Wnt4, Wnt5a, Fzd2, Lrp5, β-catenin and several other Wnt pathway components were upregulated at the fracture site within 3-5 days of injury, suggesting a role for Wnts in the early stages of healing that involve intramembranous bone formation [8, 9] . These genes were declining towards basal levels, but still elevated, at 14 to 21 days post-fracture, suggesting a role for them during the endochondral ossification stage of fracture healing. Interestingly, transcripts for Lef1 declined during healing [9] . Lef1 inhibits Runx2 dependent activation of some osteoblast genes and might thereby inhibit bone formation by mature osteoblasts [10] .
Several other groups also observed increased expression of these and other Wnts and Wnt pathway components at sites of skeletal injury. The Alman laboratory demonstrated that mRNAs for Wnts 4, 5b, 11, and 13, Fzds 1, 2, 4, 5, and 6, and Lrp6 were upregulated within one week of fracture in mice [11] . Wnt5a protein levels were also elevated within the fracture site during the first week of healing, as were protein kinase C levels, suggesting that the "noncanonical" Wnt/calcium pathway was activated. The canonical pathway was also stimulated as β-catenin protein levels rose within four days and remained elevated for two weeks before beginning to decline at three weeks [11] . Importantly, β-catenin protein levels were also elevated in a three-week-old human fracture before returning to basal levels in 12-week-old fractures [11] . The Gerstenfeld/Barnes/Einhorn group reported that mRNAs for Wnts 4, 5a, 5b, 10b and 11, Lrp5, and Lrp6 were upregulated within five days after fracture in a rodent model and remained above baseline levels throughout the three-week analysis [12] . Expression profiles for eleven other Wnts were not changed. This group also found that β-catenin was localized in the nuclei of osteoblastic cells lining trabeculi along the periosteal layer near the fracture site, in maturing chondrocytes of the fracture callus and in cortical bone osteocytes at five days postfracture [12] . Finally, the Helms laboratory found that mRNAs for Wnts 2b, 3a, 5a, 5b, 7a, 11, Fzd4, and Dkk2 were elevated at or adjacent to transcortical defect injuries in murine tibias [13] . Together, these studies demonstrate that many Wnts are expressed during bone repair and regeneration. Moreover, the data suggest that multiple Wnt signaling pathways could be activated in several cell types that are involved in repair.
β-Catenin Stabilization and GSK-3β Inhibition Accelerates Fracture Repair
β-catenin stabilization is a crucial event in the "canonical" signaling pathway, which is activated by a subset of Wnts, including Wnts 1, 3a, 8, 10b. Depending on receptor availability, Wnt5a, can also activate canonical Wnt signaling (reviewed in [5] ). In the nucleus, β-catenin cooperates with Lef1/Tcf7 transcription factors to regulate gene expression. As described above, β-catenin expression levels are much higher in newly formed fractures calluses as compared to intact bone in both mice and humans [11, 12] . Studies with transgenic mice expressing a Tcf reporter gene further demonstrate that β-catenin and Tcf7 complexes are active at various stages during fracture repair and bone regeneration, particularly in proliferating chondrocytes and osteoblasts, but not in hypertrophic chondrocytes or inflammatory cells (i.e. neutrophils) [11, 13] . mRNAs for several known Wnt/Tcf7 target genes are also increased in fracture repair sites [8, 9, 14] .
Genetically altered mice indicate a direct relationship between β-catenin expression levels and bone formation and repair. Depletion of β-catenin in mesenchymal progenitor cells arrests osteoblast differentiation and favors chondrogenesis; whereas in committed osteoblasts, conditional knockout of β-catenin results in osteopenia and expression of a constitutively stabilized form of β-catenin increases bone mass (reviewed in [15] ). The Alman laboratory used some of these mouse models to study the role of β-catenin in fracture repair [11] . Conditional knockout of β-catenin in committed osteoblasts led to a significant reduction in calcified callus formation, along with incomplete bone bridging across the fracture gap. Conversely, transgenic expression of stabilized β-catenin in committed osteoblasts enhanced fracture healing. Interestingly, when β-catenin levels were either up-or down-regulated in all cells of the fracture callus by adenoviral-driven expression of Cre recombinase, a similar radiographic phenotype was observed in both situations, that being no bone bridging at the fracture site [11] . These data suggest that β-catenin makes diverse contributions to the complex orchestration of cellular events that mediate fracture repair.
β-catenin's role as a positive regulator of osteoblast activities makes enhancing its activity an enticing strategy to enhance bone regeneration and repair. Currently, pharmacological activation of β-catenin has been achieved indirectly through inhibition of GSK-3β activity. GSK3β is one of the kinases that phosphorylate β-catenin and target it for degradation ( Figure  1 ). Lithium chloride is a well-known GSK-3β inhibitor and has been used clinically in the treatment of bipolar disorders for over 50 years [16] . Some epidemiological studies indicate that long-term lithium users might have a reduced relative fracture risk [17, 18] . In mouse models of low bone density, inhibition of GSK-3β by lithium chloride or another small molecule inhibitor, LY603281-8, increased trabecular bone mass [19] [20] [21] . In elegant experiments, the Alman laboratory tested the ability of lithium chloride to accelerate fracture repair [11] . Oral administration of lithium chloride increased healing and bone volume within fracture calluses in mice when administered four days after the fracture occurred. Notably, mice treated systemically with lithium chloride two weeks prior to fracture showed a significant decrease in callus mineralization, even though β-catenin expression levels were elevated. Mesenchymal precursor cells that failed to differentiate into the osteoblast lineage occupied the fracture sites in these mice. It remains to be determined if materials commonly used to deliver BMP-2 in various orthopedic procedures could also be employed to direct GSK-3β inhibitors to a fracture.
Extracellular Wnt Pathway Inhibitors Delay Fracture Healing
Natural extracellular inhibitors of Wnt signaling are additional targets for new biologic agents that accelerate fracture healing. Known secreted factors block Wnt signaling via two mechanisms (Figure 1 ). Dkk1 and Sclerostin bind Lrp5/6 and antagonize the receptor complex. In contrast, Sfrps bind the ligand and prevent it from properly associating with membranebound receptors. Recent evidence from preclinical models suggest that these factors have a negative impact on fracture repair but are involved in completing the healing process.
Dkk1 Prevents Bone Repair
Dkk1 represses Wnt signaling by recruiting Lrp5/6 into a ternary complex with Kremen1/2 ( Figure 1 ) and thereby preventing Lrp5/6 from associating with Wnts. Dkk1-deficient mice have severe developmental defects and die during embryogenesis [22] ; however, Dkk1-haploinsufficient or hypomorphic animals have increased bone mass [23, 24] . Conversely, mice overexpressing Dkk1 in osteoblasts have fewer bone forming cells and are osteopenic [25] . DKK-1 serum levels are elevated in some rheumatoid arthritis patients and individuals with osteolytic tumors [26, 27] .
Two studies recently tested the effects of Dkk1 on fracture repair and bone regeneration in skeletally mature (i.e. ∼12 week-old) male mice [11, 13] . Both groups used adenoviruses to deliver Dkk1 to the injury site. The Alman laboratory found that administration of Dkk1 directly to the fracture site reduced β-catenin levels in calluses and prevented chondrogenesis during the first week after fracture [11] . Molecular analyses showed that master genes of chondrogenesis and osteogenesis, Sox9 and Runx2, respectively, were not expressed at the fracture site. The fractures failed to heal and the injury site contained undifferentiated mesenchymal-like tissue. In an independent study, the Helms group injected Dkk1-expressing adenoviruses via the tail vein into transgenic mice expressing a Wnt/β-catenin/Tcf reporter (i.e. TOP-gal mice) immediately before creating a 1 mm-wide transcortical tibial defect [13] . Dkk1 prevented activation of the Wnt/β-catenin/Tcf reporter during the first week of healing and reduced bone regeneration by 84%. In a second set of experiments, this group injected Dkk1-expressing adenoviruses into the tibial musculature two days before generating a skeletal defect in the same area. Once again, Dkk1 blocked Wnt/β-catenin/Tcf reporter activity and bone regeneration [13] . Dkk1 did not prevent angiogenesis or induce cell death at the repair site, but it suppressed the expression of osteogenic genes, including Runx2. Together, these studies demonstrated that Dkk1 prevents the early stages of bone repair by blocking Wnt/β-catenin/Tcf signaling and the differentiation of mesenchymal progenitor cells into chondrocyte or osteoblasts. A third group showed that Dkk1 mRNA levels increase during the second week of fracture healing, suggesting that Dkk1 might be involved in slowing the anabolic response at later stages of repair [12] .
On the basis of the above data, inhibiting Dkk1 might be beneficial for bone repair. Indeed, Dkk1-neutralizing monoclonal antibodies stimulated bone formation in two mouse models of myeloma-induced osteolytic disease [28, 29] . Moreover, Diarra and colleagues showed that Dkk1 antibodies not only prevented bone destruction caused by inflammation-induced rheumatoid arthritis, but induced osteophyte formation [26] . The effects of Dkk1 neutralization on fracture repair have not been directly tested; however, Kim and colleagues [13] found that the initial stages of bone regeneration were impaired in transgenic mice overexpressing Lrp5 proteins that contain a point mutation (G171V) which prevents Dkk1 binding and causes high bone mass [30, 31] . This delay coincided with the extensive proliferation of osteoblasts in adjacent uninjured bone, perhaps at the expense of osteoblast migration to and/or differentiation in the fracture site. Interestingly, the initial problems with defect healing were followed by robust repair [13] , suggesting that Dkk1 inhibition might be a promising strategy to repair non-union fractures or to accelerate healing. Because Dkk1 is expressed in many tissues, local delivery would produce the fewest concerns. However, the propensity of Dkk1 antibodies to induce osteophytes must be given consideration when designing treatment regimens.
Sfrp1, a Wnt Antagonist, Contributes to Bone Regeneration
Secreted frizzled-related proteins (Sfrp) are decoy receptors and antagonists of Wnts [32] (Figure 1) . In a mouse model of inflammation-induced periodontal bone loss/disease, Sfrp1 expression directly correlated with the amount of osteoblast apoptosis, which was partially blocked following treatment with Sfrp1 antibodies [33] . Sfrp1-deficient mice display less osteoblast and osteocyte apoptosis and have increased trabecular bone mass as compared to wildtype animals [34] . Gaur et al found that fracture healing was accelerated and enhanced in these Sfrp1-deficient animals, leading to mechanically stronger bones [35] . Despite the ubiquitous nature of Sfrp1 expression, genomic knockout of Sfrp1 does not result in a multiple tissue phenotype [34] . To the best of our knowledge, Sfrp1-directed therapies have not yet been tested in fracture repair models. However, a specific small molecule inhibitor of Sfrp1 is capable of stimulating ex-vivo bone formation [36] and a commercially available Sfrp1 antibody blocked inflammation-induced periodontal bone loss [33] .
Intermittent PTH Stimulates Bone Formation, Regeneration and Repair in Part by Inducing Canonical Wnt Signaling
PTH is a systemic hormone, originally classified as a bone resorptive agent, because of its ability to increase serum calcium levels and stimulate osteoclast activity. Anabolic actions of PTH were first described in rodents in the late 1980's following intermittent, as opposed to continuous, treatment [37] . PTH (amino acids 1-34, Forteo™, Teraparatide) is currently the only clinically approved anabolic therapy used to treat osteoporosis in the United States. New data indicate that PTH and its receptor PTH1R exert their bone anabolic effects in conjunction with several components of the canonical Wnt-signaling pathway. PTH decreased GSK-3β activity in Saos2 cells and reduced Sclerostin (an Lrp5/6 inhibitor) expression in overectomized rats [38, 39] . The anabolic effects of PTH on bone likely result from direct interactions of PTH and osteoblasts. Mice expressing a constitutively active form of PTH receptor (PTH1R) in osteocytes have increased bone mass and reduced Sclerostin levels [40] . PTH signaling in osteoblasts appears to be dependent upon direct interactions involving PTH, PTH1R and Lrp6 [41] . Interestingly, PTH stabilization of cytoplasmic β-catenin required the activation of protein kinase A and appeared to be Wnt-independent [41] . However, in vivo data indirectly support the crucial role that Lrp6, but not Lrp5, plays in mediating PTH dependent increases in bone mass [42] .
Several studies showed that PTH treatment increases callus volume, stiffness, and callus bone mineral content in rats that were fractured or subjected to distraction osteogenesis, a technique used to treat non-union fractures in humans [43] [44] [45] . The mechanism(s) of this repair process are not understood very well; however, they include activation of Wnt signaling. Kakar and colleagues found that PTH enhanced the expression of several Wnts (Wnts 4, 5a, 5b and 10b), Lrp5 and Lrp6 in the fracture callus [12] . PTH also increased nuclear β-catenin levels in mature chondrocytes and osteoblasts lining the trabecular surfaces. During the second and third weeks of healing, PTH elevated the levels of Dkk1 and Sclerostin transcripts. These data indicate that PTH-mediated bone formation is at least partially Wnt-dependent.
Conclusions
The ability of bone to regenerate and repair itself is a fact that most individuals learn and appreciate at an early age. However, in a small percentage of severe and disabling fractures, repair never occurs and non-union is the result. Signaling cascades that are crucial for skeletal development are reactivated during normal repair. The recent advances in our understanding of the crucial roles that Wnt/β-catenin signaling plays in the development and maturation of osteoblast lineage cells has generated new opportunities to treat non-union fractures and perhaps to accelerate repair. Lithium chloride, which increases β-catenin levels, is clinically approved for mood disorders and might be useful for fracture healing because it improves bone regeneration and repair in rodent models. Preclinical models also support suppression of other Wnt pathway inhibitors (e.g. Dkk1 and Sfrp1) as strategies to improve bone regeneration and fracture repair.
A potential limitation of these strategies is that β-catenin, Dkk1 and Sfpr1 are widely expressed. Thus, agents that inhibit these molecules might be associated with several risks, including tumorigenesis, osteophytes, osteoarthritis, and hypercalcemia (reviewed in [15] ]. Sclerostin is a more ideal target for treating fractures because its expression is apparently limited to bone [46] . Sclerostin is the product of the SOST gene, which is genetically inactivated in Sclerosteosis and Van Buchem's disease [47, 48] . Sclerostin repression by genetic knockout and neutralizing antibodies increases systemic bone mass in ovarectimized mice [49, 50] , but so far these reagents have not been tested in fracture repair experiments. The available evidence indicates that osteoblasts are the crucial targets of canonical Wnts in the fracture site, but whether Wnt/β-catenin and Lrp5/6 agonists can promote angiogenesis, mesenchymal cell recruitment and chondrogenesis needed to repair clinically severe fractures remains to be determined. The "canonical pathway" (center) is stimulated when Wnts bind to Fzd receptors and Lrp5/6 co-receptors. A cytoplasmic complex composed of GSK3β, Axin, and APC is inhibited, allowing cytoplasmic levels of β-catenin levels to rise. Some β-catenin translocates to the nucleus where it associates with Tcf/Lef transcription factors to regulate gene expression. During non-canonical Wnt signaling (left), Wnts bind to a Fzd receptor, Ryk or Ror2, and activate downstream signaling events that do not involve GSK3β or β-catenin. Wnt signaling pathways are inhibited by several mechanisms (right). Secreted frizzled-related proteins (Sfrps) antagonize canonical Wnt signaling by binding the ligands and preventing their association with Fzd receptors. Dkk1 suppresses Wnt signaling by forming a ternary complex with Lrp5/6 and Krm1/2. Sclerostin (Scl) also binds to Lrp5/6, but not Krm1/2, to antagonize canonical Wnt signaling. In the absence of Wnt/Lrp signaling, GSK3β phosphorylates (asterisks) β-catenin, which marks it for ubiquitination and proteosomal degradation.
